ABSTRACT
INTRODUCTION AND REGIONAL GEOLOGY
Despite their enormous aerial extent and stratigraphic thickness, the Cenozoic carbonates of the North West Shelf remain relatively poorly documented. The Cenozoic carbonates are the dominant cover sequence to the hydrocarbon-producing Mesozoic successions, and so have a significant role in source rock maturation. Furthermore, the carbonates cause considerable problems in the seismic interpretation of structural traps because of the presence of strong lateral sonic velocity variations (e.g. Cowley, 1989; Woods, 1991) . This study documents the stratigraphic framework for the carbonates of the BountyTalisman region (Fig. 1 ) in the Northern Carnarvon Basin and examines the major lithological controls on sonic velocity in these carbonates.
While several studies have dealt with the general stratigraphy of the Northern Carnarvon Basin (Hocking, 1988; Woodside Offshore Petroleum, 1988 , Romine et al, 1997 , relatively few studies have dealt specifically with the Cenozoic carbonates of the region (Apthorpe, 1988; Heath and Apthorpe, 1984; Hull et al., 1998; Young et al, 2001; Hull and Griffiths, 2002) . Densley et al (2000) used interval velocities for Cretaceous sediments of the Carnarvon Basin to quantify uplift. No published studies, however, have specifically dealt with the sonic velocity behaviour of the Cenozoic carbonates.
The offshore Cenozoic carbonate stratigraphy for the Northern Carnarvon basin has been established by Heath and Apthorpe (1984) and is illustrated in Figure 2 
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not directly comparable to the units of Heath and Apthorpe (1984) .
METHODS
Carbonate analysis was performed on about 200 samples including the wells Bounty-1, and Pitcairn-1, Finucane-1, Calypso-1, Talisman-1,2,3, 4, and 5, Aurora-1, Alpha North-1, and Sable-1 (Fig. 1 ) using volumetric analysis of gas evolved after digestion in HCl (Hülsemann, 1966) . Analytical precision for carbonate analysis was ± 1.5% at 1 σ. Elemental analyses were performed on powdered cuttings samples (same samples as used for carbonate analysis) using a Phillips XL30 ESEM equipped with an Oxford INCA 300 x-ray microanalysis system. Elemental analyses were converted to normative mineral concentrations and used as an approximation for mineral abundance, including dolomite, calcite, anhydrite, quartz, clay down the wells. About 100 thin sections were examined. All lithological and geochemical data was obtained from cuttings samples that were collected from the Geoscience Australia and Santos core stores. The averaging effect and representative sample that cuttings provide (cuttings being derived from a depth interval of several metres) proved ideal for correlation with wireline log data and seismic. Wiltshire Geological Services and Santos donated digital wireline log data. 
STRATIGRAPHY
We have subdivided the Cenozoic carbonates of the Talisman-Bounty area into five major facies subdivisions that have been defined by seismic properties, wireline log character (gamma and sonic velocity), petrologic data (from thin sections of cuttings), geochemical data (carbonate analysis and elemental analysis from cuttings) and foraminiferal analysis (from cuttings). The five major facies, from oldest to youngest are: basinal facies, slopecanyon facies, Oligo-Miocene shelf facies, near-shore facies, and Pliocene-Quaternary shelf facies (Fig. 3 , Table 1 ). The Paleocene to Late Miocene succession represents an overall shallowing-upwards depositional cycle. During the early Pliocene, a major transgression occurred, bringing more open shelf conditions and pure limestone deposition to the region.
Basinal facies
Seismically, this facies is characterised by laterally continuous conformable reflectors (Fig. 3) . Numerous stratigraphically confined normal faults (of probable compaction origin, Lonergan and Cartwright, 1999) (Fig. 4A) . Some lithologies have a high proportion of delicately preserved planktonic foraminifera as clasts. The unit is relatively well-cemented, with foraminiferal chambers being filled predominantly by calcite cements. Coarsely crystalline euhedral siderite is also sporadically present. The uppermost portion of this facies is a laterally continuous cherty unit (~50 m thick), characterised by a relatively high carbonate content and high sonic velocities. The age of the basinal facies in the Bounty-Finucane area is Paleocene to mid-Eocene and is chronostratigraphically equivalent to the Walcott, Dockrell and Lambert formations of Heath and Apthorpe (1984) . Further basinward, the basinal facies becomes younger (Oligocene and Miocene) in the upper sections (Fig. 3) .
The abundance of planktonic foraminifera and the uniformly fine, clay-rich nature of the sediments indicate a deep marine basinal environment of deposition (base of slope and deeper). A sparse low diversity bathyal benthic foraminiferal assemblage with abundant planktonic forms typifies this facies. C. perforatus and Lenticulina occur with deeper water agglutinated forms such as Cyclammina and Marsonella. Planktonic foraminifera such as Acarinina Globigerinahteka and Subbotina are abundant.
Slope-Canyon facies
The slope-canyon facies is characterised seismically by prograding clinoformal reflectors that display considerable irregularity. Numerous erosional surfaces and downlaps are also present (Fig. 3) . Reflectors of the slope-canyon facies largely downlap onto the underlying basinal facies. Lithologically, this facies is characterised by clayey limestones (averaging 60-85 % calcite) which increase in carbonate content upwards. The lithologies are highly variable both laterally and vertically, and include fine-grained calcareous shales, marls, packstones and grainstones. The dominant rock types are well-sorted fragmental bioclast packstones and grainstones with a variable proportion of quartz silt (Fig. 4B) . However, quite coarse-grained packstones and grainstones with abundant large foraminifera are also present (Fig. 4C ). Small quantities of euhedral finely crystalline dolomite are sporadically present in this facies. The age of this facies in the Bounty-Finucane area ranges from Late Oligocene to mid-Miocene. Chronostratigraphically, this facies is partly equivalent to the Mandu and Trealla formations of Heath and Apthorpe (1984) .
Based on seismic, lithological and foraminiferal data, the facies has been assigned to a deep marine slopecanyon setting. is characterised by relatively high amplitude reflectors with a variety of geometries including small-scale progradation and erosion. Dolomite-cemented quartz sands and calcareous sands cemented by gypsum and anhydrite occur at two major stratigraphic intervals (mid-Miocene and Late Miocene-Early Pliocene). The quartz is generally well-rounded, and is commonly coated with a thin rim of dolomite cement. Gypsum and anhydrite cements in the quartz sands generally have a very coarsely crystalline poikilotopic fabric. Seismically, the quartz sand-dominated lithologies are characterised by high amplitude reflectors with small-scale progradation and mounding (Fig. 3) .
Underlying each of these quartz sand units are pervasively dolomitised carbonates and interbedded limestones containing abundant gypsum and anhydrite. Dolomite fabrics range from euhedral to anhedral and medium to coarsely crystalline (Figs 5A-C). Finelycrystalline dolomite is more rarely present. The crystal size of the dolomite has a tendency to increase downwards from the base of the quartz sands. Coarsely crystalline gypsum and anhydrite cements (Figs 5A, C) commonly fill secondary porosity within the dolomites and primary porosity in the interbedded limestones. There is commonly very little secondary porosity, however, within the pervasively dolomitised lithologies (Fig. 5B) . Lithologically and chronostratigraphically, the quartz sands may be equivalent to the Bare Formation (Heath and Apthorpe, 1984) while the dolomites are chronostratigraphically equivalent to the Trealla and Mandu formations.
We interpret this facies as being deposited in a nearshore setting. This is based on the presence of minor finely crystalline dolomite and anhydrite, interpreted to be of syn-sedimentary hyper-saline supra-tidal origin (Morrow, 1982) . The abundant coarsely crystalline gypsum and anhydrite cements, together with the medium to coarsely crystalline dolomites are probably derived from hyper-saline refluxing brines, produced in sabkha and possibly playa lake environments (Sears and Lucia, 1980; Morrow, 1982) . The quartz sand-rich lithologies may represent near-shore marine clastics and barrier systems.
A poorly preserved sparse coarse-grained microfauna is present in this facies. Planispiral and trochospiral rotaliids are present although these could not be assigned to a family or generic level. The presence of this fauna suggests deposition in a restricted high-energy innershelf environment.
Pliocene-Quaternary shelf facies
The shallowest portion of the wells Finucane-1 and Bounty-1 are characterised by uncemented coarsegrained pure limestones (mostly grainstones). Clasts include foraminifera, echinoderms, bivalves and peloids (Fig. 4F) . Seismically, the facies is characterised by laterally continuous conformable reflectors. The age of this unit ranges from Pliocene to Quaternary age and the with the presence of small (tens of metres deep and <1 km wide) submarine canyons. Lithologically, the wellsorted fragmental bioclast packstones are similar to those from the Cenozoic canyons of the Gippsland Basin (Wallace et al, 2002) .
The bimodal foraminiferal assemblage (outer shelf and bathyal forms) suggests mixing of shelf and basin forms, also consistent with a slope-canyon environment (Gallagher et al, 2001 ). The assemblage is dominated by planktonic foraminifera and a diverse outer shelf to upper bathyal benthic assemblage including: Cibicidoides perforatus, Gyroidinoides spp., Pullenia spp. and Sphaeroidina bulloides. Taxa typical of upwelling dysoxic facies such as S. bulloides, Globocassidulina subglobosa, Brizalina spp. and Cassidulina spp. are also common. Cool temperate plankton taxa such as Catapsydrax dissimilis co-occur with warmer plankton Globoquadryina and Globigerina praebulloides. Overall, the data suggests an outer shelf to upper slope environment with upwelling within canyon facies. Occasional inner shelf taxa (rare Spirillina and Elphidium ) and size sorting of tests are typical of canyon environments where material is transported downslope from the shelf.
Oligo-Miocene shelf facies
Relatively pure limestones (> 85 % calcite) overlie the marly carbonates of the slope-canyon facies. Seismically, this facies is characterised by laterally continuous conformable reflectors that are laterally equivalent to the underlying clinoforms of the slope-canyon facies (Fig. 3) . A range of lithologies is present including relatively coarse-grained bioclastic wackestones, packstones and grainstones. Clast types include fragmental bioclasts, and peloids (Fig. 4D) . Calcite cements are present in all lithologies, but do not completely fill porosity. In the uppermost portions of this facies, anhydrite cements are common. The upper boundary of this facies is arbitrarily taken as the first occurrence of abundant dolomite. The age of this facies in the Bounty-Finucane area ranges from Late Oligocene to mid-Miocene, becoming younger basinwards. This unit is chronostratigraphically equivalent to the Mandu and Trealla formations of Heath and Apthorpe (1984) .
Foraminiferal analysis of one sample from the upper part of this facies (Bounty-1, 1,100 m) shows the presence of common Elphidium crispum, an inner shelf taxon, associated with abundant Operculina complanata. Other important taxa present are Lepidocyclina and Amphistegina. Plankton is absent and the foraminifera are coarse-grained suggesting high-energy inner-shelf deposition.
Near-shore facies
Overlying and interspersed with the Oligo-Miocene shelf facies limestones are dolomites, quartzose dolomites, dolomitic and pure quartz sands and dolomitic limestones with common gypsum and anhydrite (Fig. 4E) . This facies 
DIAGENESIS
In general, sonic velocity in clastic sedimentary rocks is determined by the elastic properties and density of the mix of lithotypes present, and the average efficiency of intergrain connection in terms of seismic wave propagation (Prasad and Dvorkin, 2001, Dvorkin and Gutierrez, 2002) . The main post-depositional processes affecting intergrain connectivity are burial compaction and chemical diagenesis, both of which affect porosity. Within relatively thick and monotonous lithologies, increasing depth of burial generally results in systematic reduction in porosity, and increase in sonic velocity. In coarse clastics, after initial near-surface porosity reduction due to packing adjustment, the rocks become frame-supported, and subsequent increases in burial depth have little effect on bulk density. Subsequent porosity reduction is controlled by diagenesis.
Major porosity-altering diagenetic processes therefore have the greatest subsequent effect on the sonic velocity (Wyllie et al, 1958) . This paper therefore only examines the major porosity-altering diagenetic processes and the myriad of small-scale diagenetic processes like pyrite cementation, quartz cementation, meteoric carbonate dissolution, and marine cementation have been specifically excluded. These small-scale processes may be locally important, but are unlikely to affect the largescale sonic velocity behaviour of these sediments. In this context, the major diagenetic processes observed within the carbonates of the Talisman-Bounty area are: burial calcite cementation, dolomitisation, and anhydrite cementation. The interpreted timing of the major diagenetic processes affecting sonic velocity in the study area is shown in Figure 6 .
Burial calcite cementation
Clear calcite cementation is abundant below a depth of 1,000 m in most wells indicating a burial diagenetic origin for the cements. Calcite cements have textures ranging from equant to scalenohedral and fibrous, depending on the cement substrate (skeletal components having a fibrous microstructure have fibrous intraskeletal cements, etc). Different skeletal components also display different degrees of cementation within intraskeletal porosity. Benthonic foraminifera generally preserve more porosity at a given depth than do some other skeletal fragments. The degree of porosity preservation and cementation in skeletal fragments is also dependent on the size of pores. Larger intraskeletal pores retain porosity to greater depths, perhaps because more calcite cement is required to fill larger pores.
The intraskeletal porosity within many large foraminifera (Lepidocyclina, Amphistegina and Operculina) from the Bounty-Talisman area is variably occluded by clear calcite cements. Many large intraskeletal pores in the foraminifera have almost no calcite cement (Fig. 5E) , while other samples are strongly cemented (Fig. 5F ).
Dolomitisation
Dolomite is abundant in the near-shore facies and cuttings analysis indicates that dolomite is strongly associated with anhydrite and/or gypsum cement ( Fig. 5A  and 5C ). Dolomite is generally abundant directly beneath the various quartz sand units in the succession (Fig. 3) . In the Bounty-1 and Finucane-1 wells, dolomite is mostly present in two horizons, both occurring beneath quartz sand (Fig. 3) . The lowermost horizon is around midMiocene in age, while the upper dolomite horizon appears to be late Miocene in age. In the Calypso-1 and Talisman (1-4) wells, however, dolomite is more widespread.
Dolomitisation is mostly present as a pervasive (100% dolomite) dolomite replacement in cuttings samples, with few partially dolomitised cuttings being present. Dolomite cements in calcite lithologies are also not common. Dolomite crystal sizes range from rare microcrystalline fabrics (20 micron crystal size) to more common coarsely crystalline fabrics (average crystal size 100 microns). Crystal size tends to increase downwards, with medium crystalline dolomites being more abundant immediately beneath the quartz sand units, and coarsely crystalline dolomites being more abundant in the lowermost portions of the dolomite lenses.
The dolomite texture ranges from anhedral through to euhedral, with little apparent correlation between crystal size and crystal shape being evident. Unlike many diagenetic dolomites, very little secondary porosity is present within the dolomitised lithologies (Fig. 5B) . Furthermore, what little secondary porosity was present within the dolomite has commonly been completely filled by coarsely crystalline anhydrite or gypsum (Figs 5A, 5C). The overall lack of secondary porosity, combined with the presence of anhydrite and/or gypsum cements has produced dolomites with a very low overall porosity.
Anhydrite-Gypsum cementation
Anhydrite and gypsum cements are present in quartz sand, limestone and dolomite lithologies and fill both primary and secondary porosity. Anhydrite and gypsum are both spatially associated with dolomite, and have a similar overall distribution to dolomite. Anhydrite is more common at shallower depths and is completely absent below 1 km depth.
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Anhydrite and gypsum cements generally have coarsely crystalline fabrics, which are commonly poikilotopic (Figs 5A, 5C). Rare finely crystalline anhydrite has been observed in cuttings samples and this may be derived from synsedimentary nodular anhydrite. Gypsum and anhydrite cements generally directly overlie bioclast grains (when occurring in primary porosity) and dolomite crystals (when occurring in secondary dolomitic porosity). Clear equant calcite cements are generally not present in gypsum or anhydrite cemented lithologies, indicating that the anhydrite and gypsum cements pre-date most burial calcite cementation and are probably of relatively early diagenetic origin. This is also consistent with the presence of these gypsum/anhydrite cements at shallow burial depths.
SONIC VELOCITY
In their simplest form, sonic velocity logs from the Bounty-Talisman area display a relatively uniform increase with depth of burial, down to the base of the slope-canyon facies (Fig. 7) . A strong peak in sonic velocity coincides with the cherty horizon at the top of the basinal facies, and below this, sonic velocity drops to around 3,000 m/s. Sonic velocity is also strongly correlated with carbonate content (Fig. 8) . Therefore, as a first approximation, sonic velocity is related to two factors; carbonate content and burial depth. Outside of the dolomitic intervals discussed in preceding sections, calcite is the dominant carbonate and measured carbonate content therefore represents the calcite content. Wallace et al (2002) have previously derived an empirical relationship between sonic velocity, calcite content and burial depth from Cenozoic carbonates of the Gippsland Basin as follows: v = 0.013cd + 13.125c + 0.35d + 1175 where v = sonic velocity (m/s) from the sonic log, c = CaCO3 weight percent as measured from cuttings samples, and d = depth below sea bed m. Wallace et al (2002) suggested that this relationship was valid for depths ranging from 500-2,500 m, and calcite contents ranging from 20-80 wt%. When this Gippsland velocity equation is applied to the carbonates from Bounty-1 and Pitcairn-1 (i.e. using the carbonate content and burial depth to predict sonic velocity), the predicted velocities follow the same general trend as those measured from the sonic log (Figs 7, 8) .
Predicted velocities for Bounty-1 and Pitcairn-1 are, however, significantly higher than measured velocities for most of the section. In Bounty-1, the interval between 1,000 and 1,500 m depth has carbonate contents that are higher (>80%) than those encountered in the study of Wallace et al (2002) . These high calcite contents may explain the mismatch between predicted and actual velocities over this interval (i.e. the relationship between carbonate content and sonic velocity is not linear where carbonate content is greater than 80%).
Other factors may also explain the mismatch between predicted and actual sonic velocity, including burial history (Wallace et al, 2002) , geothermal gradient, and lithologic texture (e.g. grainsize). These observations suggest that while sonic velocity in the Bounty-Talisman area is, to a large extent, controlled by calcite content and burial depth, the carbonates of the North West Shelf are not behaving exactly as the carbonates of the Gippsland Basin. Wallace et al (2002) suggested that this correlation between sonic velocity, calcite content and burial depth was a product of the main processes controlling porosity occlusion in the Gippsland carbonates; pressure solution and burial calcite cementation. As suggested by Wallace et al (2002) , both of these processes are caused by burial, which drives compaction. Below 500 m, chemical compaction (pressure solution and resultant calcite cementation) is the dominant diagenetic process . Carbonate content from cuttings and sonic velocity for Pitcairn-1. Also plotted is the predicted sonic velocity, derived from the carbonate content using the relationship of Wallace et al (2002) .
controlling porosity and hence sonic velocity. Since the sonic velocity of carbonates in the BountyTalisman is correlated with burial depth and carbonate content, it follows that pressure dissolution and burial calcite cementation (i.e. chemical compaction processes) are probably also important processes controlling porosity occlusion in the North West Shelf carbonates. This is consistent with petrologic observations from these carbonates. The sonic velocity behaviour for the Cenozoic carbonates of the Bounty-Talisman area is. however, more complicated than that of the Gippsland carbonates. Superimposed on this depth of burial and carbonate trend are several other complicating factors, including the presence of quartz-rich sediments, dolomitisation, and anhydrite-gypsum cementation. Each of these is dealt with in the following sections.
Quartz-rich sediments
Quartz-rich intervals in the stratigraphy have more variable and lower average velocities than limestones at similar depths (Fig. 7) . Based on petrologic observations from cuttings samples, the lower velocities are probably caused by the higher average porosity, and lower calcite cement contents. The variable velocities observed in the quartz sand are probably due to the erratic presence of anhydrite/gypsum and carbonate cements.
Dolomitisation and Gypsum-Anhydrite Cements
Intervals with a relatively high dolomite content have a more variable and higher average velocity than limestone lithologies at equivalent depths (Figs 9, 10 ). For example, in Alpha North-1, dolomitised carbonates have sonic velocities greater than 5,000 m/s at only 800 m depth (Fig. 10) . The higher sonic velocities from dolomitised intervals may be partly due to the higher matrix velocity of dolomite relative to calcite (Schlumberger, 1989) . Matrix velocities for dolomite are estimated to be around 7,000 m/s, while those for calcite vary from 6,400-7,000 m/s (Schlumberger, 1989) . Taking the lower matrix velocity estimate for calcite, limestone would have a 10 % lower matrix velocity than dolomite. Therefore, by itself, the higher dolomite matrix velocity is insufficient to explain the observed higher sonic velocities for dolomitised intervals in the study area (which can be greater than 20% higher in dolomitised intervals).
The higher average velocities of the dolomites may largely be explained by the lower average porosity of dolomitised intervals (from petrologic analysis). As was discussed in preceding sections, there is very little secondary porosity in strongly dolomitised intervals, and the little secondary porosity that was present has largely been occluded by gypsum and anhydrite cements. The more variable nature of the velocity in dolomitic sections may be due to the erratic presence of secondary porosity and sulfate cements.
SONIC VELOCITY AND DEPOSITIONAL ENVIRONMENT
The Cenozoic carbonate succession of the BountyTalisman area records carbonate deposition from deepwater basinal environments through to peritidal conditions. All of these environments have produced a characteristic set of depositional and diagenetic conditions that has led to a wide variety of rock types and rock properties. Strong lateral sonic velocity variations are produced where large-scale lateral changes in depositional or diagenetic conditions have occurred (e.g. Fig. 10 ). The two major environmental settings that have produced large-scale lateral sonic velocity variations in this area are the near-shore facies and the slope facies.
In the near-shore facies, dolomitisation and closely associated gypsum and/or anhydrite cementation have produced high velocity zones. These also appear to be related to the non-porous nature of the dolomites. Dolomitised lithologies predominantly occur under or adjacent to quartz sand-rich lithologies (Figs 3, 10) . The presence of rare finely crystalline dolomite and anhydrite 
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suggests that much of the dolomitisation is related to sabkhas which developed adjacent to near-shore coastal sand and barrier systems (Morrow, 1982) . Most of the dolomite is not, however, of synsedimentary sabkha origin as it is either medium or coarsely crystalline. The bulk of this coarsely crystalline dolomite may have been produced by brine reflux (Sears and Lucia, 1980) . In this scenario, dense hyper-saline brines produced on the sabkhas may have descended into the underlying shelfal limestones to produce early diagenetic dolomitisation. The coarsely crystalline anhydrite/gypsum cements may be similarly related to brine reflux.
It appears probable that these episodes of dolomitisation on the shelf are related to major regressive events. The greater intensity of dolomitisation on structural highs (e.g. Alpha North-1, and Calypso-1, Fig. 10 ) may be due to repeated exposure and sabkha development during various regressive phases in the Cenozoic.
For different reasons, the slope facies has produced similarly problematic lateral sonic velocity variations. In this environment, submarine canyons are important in controlling large-scale lithological changes (c.f. Gippsland Basin, Holdgate et al, 2000; Wallace et al, 2002) . The slope-canyon facies has a highly variable sonic velocity and lithological character. This is almost certainly due to the large differences in environmental conditions within and between individual canyons. Canyon fill sediments are typically high-energy mass flow deposits derived from the outer shelf. The slope sediments between individual canyons are more typically low energy sediments deposited by suspension settling. This intimate mixture of high and low energy environments would be expected to produce carbonate-rich and carbonate-poor lithologies that, during burial diagenesis, produce high and low velocity zones (Fig. 8) .
CONCLUSION
The Cenozoic carbonates of the Bounty-Talisman region can be divided into five major facies. From oldest to youngest, these are: Paleocene to Eocene basinal facies, Oligocene to Miocene slope-canyon facies, Oligocene to Miocene shelf facies, Oligocene to Miocene near-shore facies, and Pliocene-Quaternary shelf facies. Overall, this represents a shallowing upwards up to the late Miocene, followed by a significant transgression and a return to more open marine conditions in the PlioceneQuaternary.
The dominant geological processes controlling sonic velocity in the Cenozoic carbonates are compaction, burial calcite cementation, dolomitisation, and anhydritegypsum cementation. In the more open marine facies of the Cenozoic carbonates, physical compaction and burial calcite cementation have been the dominant geological processes that have controlled sonic velocity. In such conditions, sonic velocity is largely a function burial depth and carbonate content. Lateral variations in sonic velocity can be caused by laterally varying carbonate content that are commonly associated with submarine canyons.
Dolomitisation and anhydrite cementation have produced localised high velocity zones within the nearshore facies of the carbonates. These diagenetic processes have probably been initiated by extensive sabkha development with associated brine reflux in the nearshore carbonate systems. Dolomitisation and sabkha development appear to be associated with regressive phases on the shelf and are better developed on structural highs.
